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FOCUS 
Design of structural and functional mimics of biomolecules (peptides and nucleic acids) is an 
area of continuous research interest.  For the past decade several research groups all over the 
world are actively engaged in design, synthesis and structural studies of unnatural peptidic 
‘foldamers’- the oligomers that exhibit strong tendency to adopt well-defined secondary 
structures, such as strands, turns and helices similar to that in proteins.  Amongst this class, β-
peptides have emerged as versatile structural scaffolds with interesting biological properties.  
Based on the choice of the substitution pattern on the Cα and Cβ carbons of the β-amino acid 
monomers, diverse secondary structures can be accessed.  NMR spectroscopy is a unique and 
powerful technique for structural elucidation of molecules in solution state.  For more than one 
decade, the research area pertaining to peptidic foldmer chemistry has been greatly benefited by 
NMR spectroscopy both in terms of structural elucidation as well as drawing inputs for 
designing/modifying foldamers.  Nevertheless, there is a significant scope for improving the 
strategies for obtaining precise structural elucidation for small molecules in general, by 
employing the advanced NMR techniques that are being practiced for large molecules.  The 
thesis focuses on the design of novel peptidic foldamers and also on implementing new NMR 
experimental strategies.   
The present thesis entitled “Design and NMR spectroscopic characterization of novel 
hybrid peptidic foldamers & application of RDCs as anisotropic NMR parameters for 
precise structure determination of small peptides in organic solvent media” aims at 
exploring the following:    
1. New design and conformational possibilities in β-peptide oligomers possessing 
functional properties of both peptides and nucleic acids, 
2. To establish experimental evidences for theoretical predictions about the folding 
preferences among short oligomers of β-peptides and  
3. To expand the scope of residual dipolar couplings (RDCs) to unnatural peptidic/organic 
molecules for accurate structure determination. 
 
The thesis has been divided into three chapters and the contents of each chapter are as 
described below. 
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CHAPTER I 
INTRODUCTION 
This chapter concisely describes the structural hierarchy of proteins, paying more attention to 
their secondary structural features.  Further, unnatural peptidomimics, β-peptides and their 
hybrids, which are the widely studied molecules in the field of foldamers, are discussed.  It 
gives an overview of the geometrical features and the various secondary structural preferences 
exhibited by oligomers of specific β-amino acid monomer units.  
The chapter also explains the NMR spectroscopic techniques that are used for the structural 
studies carried out in this thesis work.  It elaborates the concept of origin of anisotropic 
structural parameter- RDC (Residual Dipolar Coupling) and its importance.  The general 
methodology followed to derive the structure of the short peptide molecules is described in a 
systematic manner with a brief outline of other supporting tools, CD (Cirular Dichroism) and 
MD (Molecular Dynamics).  
 
CHAPTER II 
DESIGN AND NMR SPECTROSCOPIC CHARACTERIZATION OF NOVEL HYBRID 
PEPTIDIC FOLDAMERS  
This chapter addresses the first two aims of the thesis, described above.  The hybrid peptides or 
heterogeneous peptides constituted from different classes of amino acids access varied 
conformations, which are due to structural compromise among the dissimilar conformational 
spaces involved in the design.  Such hybrid peptides also offer a scope for regulation of peptide 
backbone that can decorate or rearrange the functional side-chains, in a desired manner.  As 
shown by Gellman and Seebach et al, the design of hybrid peptidic foldamers can suitably 
modify the basic homogeneous conformational propensities and result in geometrically 
different folds, which can also be hooked up by proper predisposition of constituents.  The 
current chapter focuses on residue based backbone regulation, which has been divided into four 
sections.  
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SECTION A 
Backbone Regulation Mimicry by β-Peptidic Foldamers: Formation of a 10-Helix in a 
Mixed 6-Strand/14-Helix Conformational Pool  
Among the diverse secondary structural patterns that are accessed by a choice of the 
substitution pattern (linear or cyclic) at β2 (Cα) and β3 (Cβ) positions of β-amino acid 
monomers, 14-helix/12-helix, 10-helix and 6-strand merit special attention as they have some 
resemblances to the natural analogs, α-helix (13-helix), 310-helix and β-strand, respectively.  In 
corroboration with this a length dependent transformation of 10-helix to 14-helix observed in 
the β-peptides by Fulop et al and Chandrasekhar et al in oligomers of trans-ACHC and cis-
FSAA, respectively, is analogous to the transformation of the 310-helix to α-helix (13-helix) 
with increase in chain length in proteins.  Though numerous heterogeneous oligomers have 
been studied so far with a combination of different classes of amino acids like α-, β-, γ- or δ-
amino acids, the folding propensities in mixed heterogeneous conformational pools of 
dissimilar secondary structural motifs, which are rather technically interesting have not 
acquired proper attention.  Theoretical studies by Hofmann et al on β-peptides have shown that 
10-helix is a structural compromise between 14-helix and 6-strand.  
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Figure 1: Schematic representation of the NAA (norbornene amino acid) and FSAA (furanoid sugar amino 
acid) monomers and the oligomers that are made from them and structurally characterized. 
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 Exploiting these concepts, this section describes the structural properties of hybrid β-
peptides derived from the β-amino acid monomers, namely NAA (norbornene amino acid) and 
FSAA (furanoid sugar amino acid) (Figure 1) that promote dissimilar secondary structures, 6-
strand and 14-helix, respectively in their homo-oligomers. 
 Four short oligomers (4, 5, 6 and 7), (Figure 1) have been characterized by NMR and MD 
studies.  The studies are carried out in CDCl3 at different temperatures for each compound 
where they have exhibited good signal resolution in 1H-NMR.  For design of oligomers, 1 with 
[2S, 3R] configuration is specifically chosen over 2 with [2R, 3S] for NAA, to match the 
stereochemical orientations of NH and CO groups of FSAA. 
 The 1H-NMR spectra of all the compounds have shown well dispersed resonances in 
CDCl3.  Preliminary structural investigation studies on dimer 4 and trimer 5 have shown the 
weakened hydrogen bonding strength of NHs of NAA.  This behavior of NAA residues 
supports the destabilization of the strong intra-residue NHi−COi 6-membered hydrogen 
bonding observed in their homo-oligomers.  This observation is not consistent with the 
cooperative effect observed from dimer to hexamer in the homo-oligomers of NAA in 
stabilizing 6-strand conformation.  This signifies the modified conformational space of NAA 
by substitution of FSAA for NAA.  Further analysis of higher oligonmers tetramer 6 and 7 have 
revealed several clear non-sequential ROEs that exclusively support the formation of a 10-helix 
in these oligomers.  The MD studies have shown a good convergence of 10-helical 
conformation in both 6 and 7. 
 
Figure 2: Graphical presentation showing 
the formation of 10-helical secondary 
structure in a mixed conformational space 
of 6-strand and 14-helix.  The mixed 
conformational space is accessed in a 
hybrid peptide containing 6-strand 
promoting NAA (norbornene amino acid) 
and 14-helix promoting FSAA (furanoid 
sugar amino acid) residues, at alternate 
positions.  
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 The studies highlight the conformational preferences in a mixed conformational space of 
hybrid peptides, consisting of dissimilar secondary structural residues.  The specific example 
demonstrated herein establishes the understating of the backbone regulation mechanism in β-
peptidic models and also stands as an experimental verification/ proof for the Hofmann’s 
hypothesis. 
 
This work has been published in Chem. Eur. J. 2009, 15, 12592–12595. 
 
 
SECTION B 
Nucleoside Derived Amino acids (NDA) in Foldamer Chemistry: Conformational Studies 
of Homo-oligomers of Modified AZT 
The complex functional behavior observed in natural biomolecules i.e proteins and nucleic 
acids has strong relevance to the orientation and relative positioning of specific components 
present in them.  The mimics of peptides, particularly β-peptides and their hybrids studied so 
far have predominantly used homologues of L-amino acids with an extra carbon atom between 
Cα and CO/NH (HXaa type residues), alicyclic, sugar ring based residues.  On similar grounds, 
a variety of modifications have been performed and developed for nucleic acids also.  Nature 
has adopted cyclic ring constraints on the building blocks of DNA, RNA and polysaccharides 
and hydrogen bond mediation for stabilizing backbones structures in proteins and nucleic acids, 
to impart required structural stability to these biopolymers. 
 
 
 
 
Figure 3: Schematic representation of the NDA (Nucleoside Derived Amino acid) and the precursor (AZT) 
from which it is derived. 
The present work describes the design and exploration of the folding propensities of hybrid 
oligomers comprised of these two features, where nucleosides are linked via peptide bonds, 
which otherwise are linked through phosphodiester spacers.  Backbone modifications on 
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nucleic acid are known in the literature.  Such designs have also led to peptide nucleic acids 
(PNAs).  Incorporating the features of both the biomolecules, the designed residue, NDA 
(Nucleoside Derived Amino acid) (Figure 3) is a trans-β-amino acid residue that resembles 
Gellman’s classic 12-helix forming trans-β-ACPC and trans-β-APC residue.  
Short oligomers, trimer 3 and tetramer 4 (Figure 4) have been characterized by NMR, CD 
and MD studies.  These homo-oligomers represent the modified nucleic acids where the four-
atom phosphodiester linker is replaced by a two-atom peptide linker.  Such modifications can 
endow the enzymatic degradation resistance to these molecules against both the nucleases and 
peptidases. 
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Figure 4: Schematic representation of the NDA (Nucleoside Derived Amino acid) and its homo-oligomers 
that are characterized. 
 
Figure 5: Graphical outline of the modification that is performed on oligonucleotides, which has resulted in a 
12-helical fold of the derived NDA homo-oligomer. 
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 NMR spectroscopic studies of 3 and 4 are carried out at 298 K in structure supporting 
solvents, CD3OH and a mixture of CD3OH and CDCl3 (in 450 µL CDCl3+50 µL CD3OH).  The 
exchange of NHs present in thymine nucleobases of 3 and 4 with water present in the solution 
and suppression of the signal intensity by saturation transfer supports their non-participation in 
hydrogen bonding.  The detailed analysis of ROESY spectra for 4 has shown that the present 
NDA homo-oligomers adopt 12-helical folding characterized by 12-membered NHi–CO(i–3) 
hydrogen bonding in C→N directionality.  The results are consistent with the observation of 
12-helix in homo-oligomers of Gellman’s trans-ACPC.  This study has provided a new insight 
to the design tools of functional oligonucleotides possessing well-defined backbone folding and 
having their bases positioned in a geometrically defined manner. 
 
This work has been published in Tetrahedron Letters 2008, 49, 2969–2973. 
 
 
SECTION C 
Bifunctional Foldamers: Conformational Studies of Heterogeneous Peptides Derived from 
NDAs and L-Amino acids 
In the light of the above findings, a logical extension of the NDA foldamers to heterogeneous 
backbone structures comprised of NDA and L-amino acid building blocks will not only be of 
fundamental interest but also has practical relevance.  Such a design incorporates the 
purposeful signatures of both proteins and nucleic acids into one template.  In heterogeneous 
peptides derived from cyclic residues in combination with L-amino acids, the specific 
conformational stability is provided by cyclic β-amino acid motifs whereas the natural amino 
acid imparts proteinogenic surface.  Such structural and functional aspects of hybrid peptides 
are explored earlier for heterogeneous backbones containing α and β amino acids in 1:1, 1:2 
and 2:1 ratios.  These studies also paved way for antimicrobial peptides, helical bundles and 
BH3 recognition peptides derived from the hybrids.  Recently, Vaijayanti and co-workers have 
shown that the heterogeneous backbones consisting of nucleosides and natural L-amino acids 
exhibit sequence specific binding to DNA/RNA strands.  
 Following these principles, this section deals with the expansion of the realm of 
heterogeneous peptides and carries structural investigation of short hetero-oligomers 2 to 4 
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(Figure 6), derived from a combination of NDA and L-amino acids at alternate positions.  
These bi-functional hybrid oligomers represent modified nucleic acids wherein inter-nucleoside 
4-atom achiral phosphodiester linker is replaced by 5-atom linker consisting of chiral amino 
acid flanked by two peptide bonds.  
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Figure 6: Schematic representation of the hetero-oligomers of NDA with natural L-amino acids, which are 
characterized. 
The NMR studies of 2 to 4 are carried out in CDCl3 or in presence of small amount of 
DMSO to allow the solubility.  The presence of iNHn–(i−2)H2n, iNHn–(i−2)H1n and iH4n–(i−2)H2n 
(suffix ‘n’ refers to NDA residue) long range ROEs from third NDA residue to the first NDA 
residue in ROESY spectrum of 2 are characteristic of a turn which facilitates a iNHn–(i−3)CO 
11-membered hydrogen bonding.  These ROEs that are characteristic of 11-membered turn 
involving the NHs of NDA residues are observed for all the compounds 3−4 as well, supporting 
the propagation of the said conformation along the chain.  No ROE characteristic of turns that 
favor an 11-membered hydrogen bonding for NHα is observed in any of the compounds.  Apart 
from this, the DMSO titration studies in case of 4 have shown the participation of C-terminus 
Trimer, 2 Tetramer, 3 Tetramer, 4 Hexamer, 5 
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Phe residue NH in strong hydrogen bonding.  The strong iNHα–(i−1)H2n between fourth and third 
residues in 4 suggests this to be a turn favoring an 8-membered iNHα–(i−2)COα hydrogen 
bonding.  This ROE, a signature of short turn with 8-membered hydrogen bonding involving 
NHs of α-amino acids is observed for all other α-residues, which have that possibility in the 
oligomers 3−5.  This makes 11-memeberd turn to be associated with an 8-membered hydrogen 
bonding (except for the C-terminal α-amino acid) leading to a bifurcated 11/8 hydrogen bonds.  
However, the DMSO titration studies and MD studies have convincingly shown that the 8-
membered hydrogen bonding is very weak in cases of 11/8-bifurcated hydrogen bonds, 
whereas it is strong in isolated 8-membered hydrogen bonded rings (C-terminal α-residues). 
 
Figure 7: Graphical outline of the modification that is performed on oligonucleotides, which has resulted in a 
11/8-helical fold of the derived NDA-L-Amino acid hetero-oligomer. 
The results show the propagation of an 11/8 helical fold of moderate hydrogen bonding 
strength in these oligomers.  The study signifies the expansion of heterogeneous peptides with 
novel designs that are constituted by the bifunctional traits of the biomolecules. 
 
Manuscript submitted, 2010. 
 
 
 
 
  Synopsis 
- x - 
SECTION D 
Nucleation and Stabilization of β-Hairpin Structures via Inter-Strand π-π and Hydrogen 
Bond Interactions in α-, β-, γ- Hybrid Peptides 
Amongst the basic secondary structural components of proteins, viz., helices, sheets and 
turns/loops, the turn structural units called β-turns own the ability to turn the peptide chains and 
in promoting long range intra-molecular interactions for formation of functional groves.  This 
special structural aspect of β-turns has become the key to design mimics and hairpin structures 
(with extension of peptide chains on either side of the turn unit) by using unnatural amino 
acids, which has been the interest for several years.  D-Pro-Gly is the very common turn 
inducing moiety for nucleation of hairpins and the hairpin strands are stabilized by inter-strand 
non-covalent interactions.  Amongst the non-covalent interactions that play key role in 
structural framework, aromatic interactions are well known in stabilizing the folding 
propensities of proteins, aggregations or self-assemblies.  Balaram et al have discussed such π–
π interactions observed for side chains of Phe residues in both solid and solution states.  
Recently a new kind of pyrrole-based aromatic unnatural δ-amino acid, namely 5-(amino 
methyl)-pyrrole-2-carboxylic acid (δ-Paa), developed by Chakraborty et al has been studied to 
form hairpin in its oligomer with D-Pro-Gly template turn. 
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Exploiting the concept of hybrid peptides and the aromatic interactions for long-range 
structure promotion, new hairpin structures have been studied which contain α-, β- and γ-
hybrid peptides employing conjugated aliphatic and aromatic amino acid residues.  For this 
study, two five-membered aromatic γ-amino acid residues are used: Paa 1 (pyrrole amino acid) 
and Faa 2 (furan amino acid) (Figure 8). 
Compounds 3 to 5 (Figure 8) are characterized by NMR and MD studies.  NMR 
spectroscopic studies of all the three compounds have been carried out at 5-6 mM 
concentrations at 27 °C in DMSO-d6 solvent on 600 MHz spectrometer. 
 
Paa (pyrrole based δ-amino acid) 
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Figure 8: Schematic representation of the aromatic γ-amino acid residues: Paa 1 (pyrrole amino acid) and 
Faa 2 (furan amino acid), and the oligomers that are characterized. 
The presence of clear Paa(5)NH–Pro(3)CαH, Paa(5)NH–Pro(3)CδH, Faa(2)C3H–
Pro(3)CδH, Faa(2)C3H–Pro(3)CαH, Paa(5)C4H–Faa(2)C3H and Paa(5)PyrroleNH–
Faa(2)C3H ROEs for 3 and 4, and the corresponding homologous ROEs for 5 strongly support 
the formation of β-turn by D-Pro-Gly combination favoring hydrogen bonding between 
Paa(5)NH–Faa(2)CO.  Nucleation and propagation of the hairpin fold in these three compounds 
is manifested by clear long range ROEs and hydrogen bonding studies.  The hairpin formation 
has brought the planar aromatic residues on opposite strands into juxtaposition which is 
observed by corresponding ROEs of ~4.5 Å.  The MD studies have further showed this feature 
of face-to-face orientation of these residues with an aromatic plane centroid separation distance 
of ~4.5 Å, which is highly favorable for face-to-face π−π interactions.  This has become more 
evident in the octamer 5, in which the hairpin strands have intertwined around each other. 
 
This work has been published in Tetrahedron Letters 2008, 49, 2228-2231 and 
Tetrahedron Letters 2009, 50, 4350-4353. 
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CHAPTER III 
SECTION A 
APPLICATION OF RDCs AS ANISOTROPIC NMR PARAMETERS FOR PRECISE 
STRUCTURE DETERMINATION OF SMALL PEPTIDES IN ORGANIC SOLVENT 
MEDIA 
The small molecular NMR (<2500 amu), which also includes ‘foldamers’ has so far been 
studied by conventional NMR spectroscopic constraints, viz., distances from NOESY/ROESY 
cross-peak intensities and dihedral angles from 3JHH couplings.  The modern structural tools 
practiced for the NMR spectroscopic studies/analysis of high molecular weight molecules, have 
not been suitably adopted for the small molecules.  Normally, in high resolution solution-state 
1H NMR studies, the NMR spectrum carries only information about 3JH scalar couplings of the 
resonance signals that are resolved by chemical shift differences and all the anisotropic 
interactions, including DCs (Dipolar Couplings) are averaged to zero due to rapid molecular 
motions (isotropic conditions).  However, DCs carry more accurate long-range structural 
information.  By introducing small anisotropy and hence measurable residual dipolar couplings 
(RDCs) into the isotropic solvent media, the resultant splitting of resonance lines amount to 
3J+D (D stands for RDC) and the rich structural information of RDCs (DCH or DNH) can be 
selectively derived.  The anisotropy can be induced by orienting the molecules in a weakly 
aligning media, which leads to a non averaged rotational motion and makes the measurement of 
RDCs possible.  This technique has revolutionized the structural elucidation of biomolecules by 
NMR spectroscopy and is being routinely used.  However, with the recent advent of suitable 
polymer gel media for aligning organic molecules, it is possible to apply this powerful 
technique to measure one bond C-H /N-H RDCs in small organic molecules.  However, this 
technique has not been extended to derive precise secondary structures and hydrogen bonded 
networks in small peptidic oligomers and the present thesis accomplishes this task. 
The recent emergence of β-peptidic foldamers as HIV-inhibitors, BH3 and MHC 
recognition ligands and quaternary helical bundles, has attributed further impetus to the field of 
‘foldamers’ and warrants precise structural determination.  In the light of these findings, for a 
precise structure characterization of foldamers, the application of RDCs as structural 
constraints in addition to the NOEs, is a right choice. 
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Figure 9: Schematic view of cis- and trans-β-norbornene amino acid monomers and the tetramers 1 and 2 
synthesized from them for characterization using RDCs, respectively, with representation of hydrogen 
bonding (dashed curves/arrows) and characteristic ROEs (solid curves). 
 Two different oligomers 1 and 2 (Figure 9) derived from cis-β-norbornene amino acid and 
trans-β-norbornene amino acid, respectively, are employed.  Two sets of studies have been 
carried out for each of the oligomers: first with classical NOE based structure calculation and 
the second with RDCs included (RDC enhanced) with them.  The studies have shown that, 
while the classically 3JHH and ROE-derived structure of tetramer 1 could be validated by 
experimentally obtained RDCs, such an exercise for the equally complex tetramer 2 did not 
lead to the correct fold, which could only be obtained by the inclusion of RDC-derived 
structural information.  
 The findings have revealed the sensitivity of RDCs to distinctly hydrogen-bonded 
secondary folds led by the residue level stereochemical changes and also to the overall 
conformational changes even in short oligomers.  The results clearly demonstrate the immense 
need of anisotropic NMR-parameters as an independent source for structure validation in 
solution and also as restraints for precise structure calculations of periodic hydrogen bonded 
structures of unnatural peptides in particular and small organic compounds in general.  It can be 
expected that their importance will further increase for more dynamic systems where RDCs 
already have shown their potential in the structure determination of proteins and the 
configurational analysis of natural products. 
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Figure 10: Graphical representation of how the orientation of a foldamer in anisotropic media can result in 
RDCs and thereby to structure verification or refinement. 
This work has been published as communication in J. Am. Chem. Soc. 2009, 131, 15590–
15591. 
 
 
SECTION B 
Covalently Cross-linked Gelatin Allows Chiral Distinction at Elevated Temperatures and 
in DMSO 
(As a part of my Ph.D, this work has been carried out at TUM, Germany through DAAD 
exchange fellowship program) 
The development of chiral/achiral alignment media for orienting small molecules dissolved in 
various solvents is one of the most prevalent areas of research.  It is also more desirable if a 
single gel can be used as an alignment medium in multiple solvents.  
The other dimension to this development is the utility of RDCs in enantiomeric 
discrimination (chiral discrimination) by exploiting the principle of differential orientation of 
enantiomers in a chiral environment.  This has become possible only by using chiral orienting 
media, which possess a chiral super structure, like triple helical fold in collagen.  Though a 
considerable number of such alignment media are known for apolar solvents (poly-γ-ethyl-L-
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glutamate: PELG, poly-γ-benzyl-L-glutamate: PBLG etc) only collagen based gelatin and 
collagen itself are known for aqueous media to achieve the chiral discrimination.  On the other 
hand, the gelatin has lower temperature stability.  It softens and loses its anisotropic strength at 
temperatures above 35 ºC, which indicates the need to improve the thermal stability of the 
gelatin for deriving anisotropic parameters at high temperatures. 
 Covalent cross-linking is one of the chemist’s tools by which a material can be rigidified 
and so its properties are altered.  The attempts to covalently cross-link gelatin by chemical 
methods did not lead to an improved thermal stability and desired distinction of enantiomers at 
higher temperatures.  Recently, it has been shown that irradiation cross-linking of PDMS by 
accelerated electrons produced PDMS gels that swell in various apolar organic solvents.  
 Prompted by these observations the present work extends the method of irradiation cross-
linking to gelatin as well.  This section discusses the solubility, thermal stability and chiral 
distinction properties of the e–-gelatin (irradiation cross-linked gelatin). 
 
Figure 11: Graphical presentation showing that e–-gelatin swells in DMSO whereas gelatin stick is 
unaffected, which allows for discrimination of prochiral methyl groups in the DMSO. 
The results have shown that e–-gelatin allows the distinction of enantiomers using 
anisotropic NMR parameters like RDCs at temperatures up to approximately 60°C for D2O, 
mixtures of D2O and DMSO-d6, and pure DMSO-d6
 
as the solvent.  The results are of special 
interest since to our knowledge chirality dependent alignment was neither reported for the 
solvents at elevated temperatures nor with pure DMSO-d6
 
at all.  Chiral distinction is tested for 
a mixture of D-Ala/L-Ala and the prochiral methyl groups of DMSO-d6.  
 
This work has been published in Chem. Eur. J. 2009, 15, 12192–12195. 
